One of the most interesting questions regarding a possible rst order cosmological quark{hadron phase transition concerns the nal fate of the baryon numbercontained within the disconnected quark regions at the end of the transition. We here present a detailed investigation of the hydrodynamical evolution of an evaporating quark drop, using a multi-component uid description to follow the mechanisms of baryon number segregation. With this approach, we are able to take account of the simultaneous eects of baryon number ux suppression at the phase interface, entropy extraction by means of particles having long mean-free-paths, and baryon number diusion. A range of computations has been performed to investigate the permitted parameter-space and this has shown that signicant baryon number concentrations, perhaps even up to densities above that of nuclear matter, represent an inevitable outcome within this scenario. PACS number(s): 98.80.Cq, 12.38.Aw, 11.30.Fs SISSA Ref. 144/96/A 1 Also: NCSA at the University of Illinois at Urbana-Champaign, Urbana IL 61801
I. Introduction act together. One of these is suppression of baryon number ow across the phase interface [10, 3, 4] . Simple statistical considerations suggest that baryon number cannot becarried entirely together with the hydrodynamical ow when this moves from the quark to the hadron phase. A phenomenological explanation for this can befound in the fact that it is generally more dicult to nd in a volume of 1 fm 3 and in a time of 10 23 sec the right triplet of up and down quarks necessary to form a color singlet nucleon (either a baryon or an antibaryon) than it is to nd the doublet of quarks necessary to form the lightest hadrons (e.g. pions).
Another mechanism, which could aect the variations in baryon numberdensity and which is eective during the nal stages of the transition, is long{range energy and momentum transfer by means of particles having long mean free path (which can beviewed as a form of radiative transfer). This process, which has recently been investigated by Rezzolla and Miller [11] , involves the relativistic uids of strongly interacting particles (i.e. the hadron uid and the quark uid which we will refer to as \standard uids") and the relativistic uid of particles having only electromagnetic and weak interactions (which we refer to as the \radiation uid") with entropy being extracted from the quark phase by the long mean-free-path particles of the radiation uid. A necessary condition for this process to be signicant is that the dimension R s of the hadron phase (in the case of bubble growth) or of the quark phase (in the case of drop evaporation) needs to be roughly comparable with the smallest mean free path of the radiation uid particles 2 . When this condition is not satised, it is a good approximation to consider the two uids as either being completely coupled (for R s ) or completely decoupled (for R s ) and the energy and momentum interchange between the standard uid and the radiation uid is then either maximally ecient or nonexistent.
Besides the baryon number segregating mechanisms mentioned above, there is also another competing process which needs to be taken into account. The formation of localized regions of high baryon number density is counteracted by baryon number diusion which occurs whenever a deviation from homogeneity is produced and is eective both during the quark{hadron transition and after it.
While, from the above discussion, the formation of peaks in baryon number density appears to be a rather inevitable consequence of a rst order quark{hadron transition, a numberof quantitative aspects of this picture still remain to befully investigated. For this reason, and before the microphysics of baryon number ow across the phase interface or of baryon number diusion is known in more detail, we here present results from systematic numerical computations of baryon number concentration during the evaporation of an isolated quark drop. These simulations are an extension of earlier calculations of the nal stages of the quark{hadron transition, in which the hydrodynamics of a spherical isolated quark drop was coupled to the processes of relativistic radiative transfer between the standard uids and the radiation uid. In the present simulations, we have also studied the behaviour of the additional distinct \uid" of baryon number carriers and have followed the progress of the segregation as it is promoted by the suppression mechanism at the interface and by the entropy extraction but moderated by baryon diusion.
Results from computations performed with dierent values of the relevant parameters are presented in Section V. Before this, Section II contains a brief review of the mechanisms responsible for baryon number segregation and of their role during the various stages of the transition. Section IIIpresents the system of relativistic equations which we use for calculating the hydrodynamics of the quark drop and the radiative transfer processes. (The formal derivation of these equations is not given here but can be found in references [12, 13, 1 4 , 11] .) In Section IV we derive a relativistic equation for the diusion of baryon numberand write it in a convenient nite dierence form. This Section also introduces a phenomenological analytical expression by means of which the suppression mechanisms at the interface can be represented. Section VI contains the conclusions and also a discussion of our results in relation to the scenarios for inhomogeneous cosmological nucleosynthesis and for the production of primordial magnetic elds. We adopt units for which c = h = k B = 1 and use commas or the usual \@" notation to denote partial derivatives.
II. Evolution of the baryon numberconcentration
As mentioned in the Introduction, production of inhomogeneities in baryon number density can be aected by a number of dierent factors. In this Section we outline a schematic picture of the various stages of the transition during which baryon numbersegregation can either befavoured or impeded. First, we note that even in the absence of specic mechanisms for this segregation, there is a \natural" tendency for the baryon number density to be higher in the quark phase than in the hadron phase since baryon numberis carried by almost massless quarks in the quark phase, whereas in the hadron phase it is carried by heavy nucleons whose number density is suppressed by an exponential factor. An estimate for the contrast in baryon numberdensity resulting from this can easily becalculated for stages at which global chemical equilibrium is near to holding. The chemical potentials in the two phases can then beset equal ( q b = h b = b ) signifying that, if the phase interface were not in motion, equal uxes of baryon numberwould cross it in both directions.
Because of the complexity of QCD and of the spectrum of hadronic species present in the low temperature (hadron) phase, it is necessary to make approximations if we want to obtain simple analytical expressions for the baryon number density in the two phases. Following the approach of our earlier papers, we use the phenomenological bag model for the quark phase (treating the quark-gluon plasma as consisting of relativistic non-interacting particles within a false vacuum) and the energy density and pressure may then be written as 
where g q is the eective n umber of degrees of freedom in the quark phase (including also the relevant n umber of degrees of freedom for the particles of the radiation uid when the radiation and standard uids are fully coupled [11] ). The baryon number density is then given by
where N c and N f are, respectively, the numberof colours (three) and the number of quark avours (which w e will take here to be two). On a similar level of approximation, we can consider the pion contribution to the grand partition function of the hadron phase as being the dominant one coming from the whole spectrum of hadron species, neglect nite volume eects and the repulsive interaction between hadrons and describe the hadron phase as being essentially a gas of relativistic massless particles with the equation of state
where g h is the eective n umber of degrees of freedom in the hadron phase (equivalent to g q in the quark phase). It is then possible to obtain a simple and compact expression for the baryon numberdensity in the hadron phase as
with m being the nucleon mass. With all of these assumptions, the contrast in baryon number density b e t w een the two phases is given by 
where T c is the critical temperature for the transition. Similar estimates of the baryon number contrast have been found also from more detailed analyses of the baryon numberdensity in the two phases [15] . It is important to stress that when the hypothesis of global chemical equilibrium is valid, equation (5) holds between any two generic points in the two phases. It is reasonable to assume that global chemical equilibrium holds when the velocity of the phase interface is much smaller than the diusion velocity of baryon number and the length scales of the disconnected hadron or quark regions are much smaller than the baryon number diusion length-scale during the transition. This is the case, for example, soon after bubble nucleation, when most of the bubbles present have radii around the critical value R c = 2 p h p q ; (6) where is the surface tension associated with the phase interface. After nucleation, the bubble starts to expand (the low temperature phase is thermodynamically favoured) and its surface accelerates until it reaches a steady state velocity corresponding to self similar growth for a weak deagration bubble [16] . (We are working here within the scenario of small supercooling, in which w eak deagrations are the relevant mechanism for the motion of the phase interface, and will assume that the separation between the nucleation sites is not very small.) The expansion produces a deviation away from chemical equilibrium and the baryon number density can be increased in the vicinity of the interface [4] , piling up mostly on the quark side but also to some extent in the hadron phase as a result of the increased ux coming from the quark medium. The situation in the bulk of the two phases is not signicantly modied, however. Diusion tends to impede the accumulation of baryon numberand, when the self similar growth stage is reached for the hydrodynamic variables, the baryon number density attains a stationary prole. (Note that the intrinsic length scale set by the diusion coecient prevents the baryon number density following a self similar solution.) Most of the excess baryon numberon the quark side of the interface is then within a layer of thickness r d with the value of the baryon number density there being joined to the background value in the bulk of the quark phase via a decaying prole. A rough estimate for r d is given by r d D v f ; (7) where D is the baryon number diusion coecient and v f is the steady state velocity of the front a s measured from the centre of the bubble. The self similar growth is rst broken by the coupling between the radiation uid and the standard uids when the bubble has reached dimensions of the order of [13] . After the coupling however, the similarity solution for bubble growth is restored and it ultimately ceases when the spherical compression waves preceding the deagration fronts of neighbouring bubbles start to interact. (This occurs well before the bubble surfaces themselves come into contact.) In principle, for a perfect uid, the compression waves would be fronted by shocks but it should be noted that the predicted amplitude of such shocks is negligibly small for the case of spherical bubbles and small supercooling which we are considering here [17, 18, 13, 19] . However, independently of whether there is any signicant shock or not, the kinetic energy of the ordered motion will be progressively converted into internal energy via compression, once adjacent bubbles have started to interact, and the temperatures of both phases will be raised near to the critical temperature T c . At this stage, the bubbles grow much more slowly, on a time scale which is essentially set by the expansion of the Universe leading to cooling which allows for continuation of the transition. In this slow growth stage, global chemical equilibrium is restored and the baryon number which has accumulated near to the phase interface can be redistributed into the bulk of the two phases. When the surfaces of adjacent bubbles meet, they coalesce to form larger bubbles thus minimizing the total surface energy. This coalescence gives rise to disconnected quark regions which then proceed to evaporate, tending to become spherical under the action of surface tension.
The hydrodynamical evolution of isolated evaporating quark drops has been investigated in detail in a numberof studies [20, 14, 11, 19] and can beessentially summarized as consisting of a self similar stage followed by one in which long range energy and momentum transfer takes place and then a nal decay which may be dominated by surface tension eects and become increasingly rapid.
During the rst stage, quark drops evaporate converting quarks into hadrons at the rate necessary to keep the internal compression constant and uniform. I n a v ery pictorial description, each quark drop can be viewed as behaving like a shrinking \leaky balloon" which is ejecting material at the rate necessary to avoid producing any compression. If baryon numberwere entirely carried along with the hydrodynamical ow and no suppression of baryon number ux occurred at the interface, then this stage of the evaporation would not produce any increases in the baryon number density. If, however, there is some ux suppression, this stage will still consist of a self similar evolution for all of the hydrodynamical variables apart from the baryon number which will accumulate ahead of the interface with diusion to either side of it in a w a y similar to that discussed above for a growing hadron bubble.
When the quark drop reaches dimensions comparable with the mean free path for the particles of the radiation uid, the process of entropy extraction breaks the self similarity of the evaporation and produces a sharp increase in the uid compression (of both the quark and hadron phases) [11] and also in the baryon number density. It should be stressed that this increase in baryon number density i s distinct from the one produced by ux suppression and is not necessarily localized at the phase interface but is rather extended over the whole quark region. This is because its origin is not hydrodynamical but is the consequence of the long range energy and momentum transfer via the radiation uid particles.
As pointed out in [14] , the very nal stages of the drop evaporation (for R s < 10 2 fm) may be dominated by the surface tension which could give rise to an increasingly rapid evaporation and a consequent increase of both the compression and the baryon number density. However, recent lattice gauge calculations seem to indicate rather small values for the surface tension coecient 0 = =T 3 c 0:01 0:02 [18] and, if this is correct, then surface tension would play only a minor role for the increase of baryon numberdensity.
In the next Section, we introduce the set of relativistic hydrodynamical equations which w e have used for describing the dynamics of single isolated evaporating quark drops and from whose numerical solution we h a v e derived quantitative results for the prole and amplitude of the baryon numberinhomogeneity produced at the end of the quark{hadron transition.
III. Relativistic hydrodynamical equations
We here briey review the relativistic equations which w e h a v e used for calculating baryon numberconcentration at the end of the quark{hadron transition and refer the reader to previous papers [12, 13, 14, 11] for further details. The equations can bedivided into three main groups, related to: i) the dynamics of the spherical drop, ii) radiative transfer, iii) the behaviour of the diusing \baryon number uid". We use a Lagrangian spherically symmetric coordinate system comoving with the uid and having its origin at the centre of the drop. It is appropriate to write the metric line element as ds 2 = a 2 dt 2 + b 2 d 2 + R 2 (d 2 + sin 2 d 2 ); (8) where is the comoving radial coordinate and R is the associated Eulerian coordinate. Local conservation of energy and momentum for the combined uids (the standard uid together with the radiation uid), as measured in the local rest frames of the standard uid, can be expressed as the vanishing of the projections of the combined stress-energy tensor parallel and perpendicular to the direction of the uid four-velocity u. Using this, the continuity equation and the Einstein equations, the full set of equations for determining the behaviour of the standard uids can be written as: ; (9) e ; t = w ; t as 0 ; ; (11) (aw) ; aw = w ; e ; + bs 1 w ; (12) M ; = 4 R 2 R ;
where w = (e + p)= is the specic enthalpy of the standard uids, u is the radial component of the uid four velocity in the associated Eulerian frame, is the general relativistic analogue of the Lorentz factor and M a generalized mass function. The quantity is the compression factor which expresses the variation in proper volume of comoving elements of the standard uids with respect to a ducial value. (For a classical standard uid, can be taken to represent the rest mass density). The interaction between the standard uids and the radiation uid enters through the source functions s 0 and s 1 and through the radiation contributions to the gravitational terms via the radiation energy density w 0 , energy ux w 1 and anisotropy w 2 . The latter quantities are calculated by considering local conservation of energy and momentum of the radiation uid alone, and this provides the following set of equations [12] (w 0 ) ; t + a b ( w 1 ) ; + 4
w 2 = f E w 0 ; (18) where (18) is a closure relation written in terms of a variable Eddington factor f E . In our calculations, the source functions s 0 , s 1 are expressed as
with g r and T F being the numberof degrees of freedom and the temperature of the radiation uid. The parameter 2 is an adjustable coecient (ranging between zero and one) which takes account of the contribution of non-conservative scatterings to the energy source function (for the present calculations we take 2 = 1). We treat the phase interface as a discontinuity surface and track it continuously through the nite dierence grid using junction conditions which are imposed across the interface and a characteristic form of the above h ydrodynamic equations which is used for the ow regions adjacent t o i t . A detailed discussion of these extra equations and of the way in which they are obtained has been given in previous papers [12, 13, 11 ] and we will not repeat it here but, rather, just list the expressions used for the junction conditions. The energy and momentum junction conditions for the standard uids are expressed as [(e + p)ab] = 0 ; (20) [eb 2 _ 2 s + pa 2 ] = f 2 2
: (21) As junction conditions for the energy and momentum of the radiation uid after the decoupling from the standard uids has begun to take place [11] we use:
while for the metric coecients we have:
[R] = 0 ; (24) [au + b _ s ] = 0 ; (25) [a 2 b 2 _ 2 s ] = 0 :
Note that the use of brackets in equations (20)
{(26) follows the conventions: [A] =
A + A , fAg = A + + A , and that the superscripts indicate quantities immediately ahead of and behind the interface. The interface location is denoted by s with _ s = d s =dt and f = ( a 2 b 2 _ 2 S ) 1 = 2 . Finally, for a phase interface which behaves as a weak deagration front, it is necessary to supply one further equation giving the rate at which material is converted from one phase to the other (or, alternatively, to specify the interface velocity). As discussed in previous papers (see, for example [16] ) we use a formula giving the rate of conversion of quarks into hadrons in terms of a black-body model for the phase interface, suitably corrected with an adjustable accommodation coefcient 1 (0 1 1) to take account of deviations away from an ideal black-body law. We then have
For the calculations presented here, we h a v e taken 1 = 1, but an extend discussion of computations with smaller values of 1 = 1 can be found in [11] .
IV. Baryon numberux and diusion
As mentioned in the Introduction, simple considerations seem to suggest that baryon numberwould not be carried along entirely together with the hydrodynamical ow but, rather, that it would tend to be \trapped" inside the high temperature phase because of ux suppression at the phase interface. In order to study the evolution of the baryon numberdistribution, we need to extend the multi-component uid description discussed in Section III by adding to the treatment of the standard uids and the radiation uid, an additional \baryon numberuid". In particular, we need to introduce equations to describe the hydrodynamics of a uid which has a suppressed ow at the phase interface and which diuses relative to the standard uids.
The eects of this diusion can be included by introducing a diusive ux four-vector q into the baryon numbercontinuity equation which becomes (n b u + q ) ; = 0 ;
where n b is the baryon number density, u is still the four velocity of the standard uid and Greek indices are taken to run from 0 to 3. In the frame comoving with the standard uid, u (1=a; 0; 0; 0) and q has only a spatial component [i.e. u q = 0 and q (0; q ; 0; 0)]. Using the property ( V ) ; = ( p gV ) ; = p g (where g is the determinant of the metric tensor) and the metric relations (8), (15), we can rewrite (28) as bR 2 " @(n b ) @t + an b R 2 @(uR 2 ) @R # = aR 2 @(b ) @R @(Dn b ) @R +ab 2 @ @R " R 2 b @(Dn b ) @R # ;(29) (see the Appendix for details) where the radial component of the diusive ux is written as
In the Newtonian limit, = a = 1 and equation (29) reduces to the standard Lagrangian diusion equation in spherical coordinates, with D being the diusion coecient (note that here, @=@tis a Lagrangian time derivative for a location comoving with the standard uid). An attractive feature of Lagrangian schemes is that advection is treated exactly. Exploiting this, it is convenient to use for the nite-dierence representation of equation (29), the simple and compact expression: h (R 2 ) n j+1 ( D ) n j+1 (R 2 ) n j ( D ) n j i a n+1=2 j+1=2 t n+1=2 j+1=2 ;
where the superscripts refer to the time level at which the quantity is calculated and the subscripts to the position in the spatial grid, R n j+1=2 = R n j+1 R n j and ( D ) n j = D 2 4 (n b ) n j+1=2 (n b ) n j 1=2 R n j+1=2 R n j 1=2 3 5 ;
is the diusive ux of baryon number. A rough estimate for the value of the diusion coecient D (which w e take to be constant in time, uniform in space and the same in both phases) can be deduced with rather simple arguments if we rule out the possibility of the diusion being turbulent [5] (which seems likely to be correct [9] ). In this case, baryon number diusion can be described as a simple Brownian motion of baryon number carriers having a mean free path of the order f r e e > T 1 c [4] giving a microscopic diusion coecient D 10 1 10 fm.
Clearly, the baryon number within a given grid zone changes in time only if a baryon ux crosses its boundaries. While for the bulk of the two phases, the ux leading to the variation is just the diusive ux (32), a special treatment is necessary for the two parts of the grid zone containing the phase interface. At the interface, the diusive ux is accompanied by a m uch larger ux which is related to the hydrodynamical ow of elements of the quark gluon plasma as it is converted to the hadron phase. As mentioned earlier, this ux could be subject to suppression processes at the interface but no exact expression is yet available for this. We therefore proceed here by dening a phenomenological expression for the net baryon number ux across the interface b in terms of the hydrodynamical ux and a suitable \lter factor" F which expresses the ratio between the baryon number passing across the phase interface and the total baryon numberincident on it.
In principle, F could be expressed in terms of the probability of nding (from all of the quarks and antiquarks present) three quarks of the right types within a volume of 1 fm 3 and in a time of 10 23 s, in terms of the \transparency" of the phase interface to the passage of a baryon number carrier from the quark phase to the hadron phase q!h and of the corresponding probability h ! q that a baryon hitting the phase boundary from the hadron phase is absorbed [3] . Moreover, referring to a situation in which chemical equilibrium holds, it would be possible to express q!h in terms of h!q and this would restrict the uncertainty to this latter quantity only. (Although convenient, this approach requires that the baryon transmission probability does not vary signicantly when the equilibrium is broken.) Unfortunately, no reliable value for the baryon transmission probability h ! q is known at present and, worse than this, dierent approaches to the study of the rates of elementary processes taking place at the phase interface seem to result in quite dierent estimates of it (see [3, 21] and [6] for further references). In view of this uncertainty, we will treat the lter factor as essentially a free parameter, adopting the reference value F 10 1 as estimated from the expressions presented by Fuller et al. [3] for T c = 150 MeV and h!q 10 3 . (The value F = 1 corresponds to the case where the baryon numberow crosses the phase interface unimpeded and clearly represents an upper limit.)
The ux of elements of the standard uid across the interface can be evaluated by projecting the ux four-vector along the unit spacelike four-vector n normal to the timelike hypersurface describing the time evolution of the interface. We obtain u n = _ s 4R 2 s f ; 
and we assume continuity of this ux across the interface (i.e. [ b ] = 0). In the next Section we will present results from numerical computations made using the set of equations which we have introduced here and illustrate the roles played in the segregation of baryon number by suppression mechanisms and by radiative transfer.
V. Numerical strategy and results
The numerical approach implemented for the solution of the present set of equations (9) (29) is based on that used for our earlier computation of the evaporation of a quark drop including the eects of long range energy and momentum transfer [11] with an extension to include the parabolic diusion equation (29).
As is frequently the case for numerical computations in which a diusion equation needs to be solved, we are here faced with the problem of performing calculations with a mixed set of equations and avoiding excessive restrictions placed on the time step by the von Neumann criterion for stability in solving the parabolic equation. Obeying this criterion, which is more stringent than the usual Courant one since it depends quadratically on the minimum grid spacing and is inversely proportional to the diusion coecient [22] , allows one to perform an explicit integration of equation (31) without any further constraint. However, for the present case, implementing the von Neumann condition produced computational times for each simulation which were not aordable. The reason for this is connected with the particular organization of our grid which has an exponentially increasing spacing in order to facilitate following the dynamics of the drop through several orders of magnitude change in the radius. To avoid this problem, we have implemented a standard \ux limiter" scheme in which a control is set on the diusive ux in the quark phase preventing it from evacuating the baryon numbercontent of any grid zone within a single time-step [23] . The results obtained in this way were found to be in excellent agreement with ones from a comparison calculation without the ux limiter and using the von Neumann condition (but which required a computational time longer by a factor of twenty).
Another concern in the present calculations has been that of preserving as closely as possible the overall conservation of baryon number. Clearly results for the nal distribution of baryon number at the end of the transition will be worthless if the integration of the diusion equation (31) is not accurate enough and is signicantly producing or destroying baryon number. This equation is nearly conservative in form but special attention needed to be paid to the calculation of interpolated values for a and (for which we used function tting procedures) and to the implementation of the regridding procedure [14, 11] . Having done this, our computations preserve the total baryon number in the grid to an accuracy of a few parts in 10 8 for runs of about 10 6 time steps.
In the following, we present results from computations which have been performed evolving from initial data given by the self similar solutions derived in [14] for a spherical quark drop with initial dimensions R s;0 = 1 0 7 fm, at an initial tem-peratureT q = T q =T c = 0:998, surrounded by a hadron plasma at temperaturê T h = T h =T c = 0 : 990. The similarity solutions provide suitable initial conditions for all of the variables apart from the baryon number which does not necessarily follow the bulk hydrodynamical ow. We decided to start with the baryon number density in each phase being uniform and given by the expressions (2) and (4) presented in Section IIwhich correspond to conditions of chemical equilibrium. This is very approximate because global chemical equilibrium does not apply for a situation with a moving interface such as the one which we are considering but, nevertheless, initial conditions imposed in this way are suciently goodto allow the solution to relax rapidly to a consistent one.
We have examined the eects on the overall solution of varying the values of important input parameters and we will be discussing this in detail but rst we concentrate on the results obtained for a set of ducial parameter values. This \standard" run follows the evaporation of a quark drop with surface tension parameter 0 = 0:01, lter factor F = 0:3 and diusion coecient D = 1 fm. The decoupling radius R d (i.e. the drop radius at which the decoupling between the standard uids and the radiation uid is allowed to take place [11] ) is set to be 10 4 fm, which corresponds to the average mean free path of the electromagneticallyinteracting particles. We do not consider here a decoupling with neutrinos which, however, would follow a similar hydrodynamical behaviour except for the dierent numberof degrees of freedom involved [11] . Figure 1 . Time evolution of the most signicant hydrodynamical variables. Each curve refers to a given time in the solution, with the quark phase being to the left of the vertical discontinuity and the initial conditions being indicated with the dashed curves. Starting from the upper left-hand window and proceeding clockwise, the frames show: the radial component of the uid four-velocity in the Eulerian frame u, the energy densities of the standard uids e and of the radiation uid w 0 and the compression factor . The decoupling between the radiation uid and the standard uids is allowed to start at R s = 1 0 4 fm Figure 2 . Time evolution of the logarithm of the baryon number density. The continuous curves refer to successive stages in the evolution, with the initial conditions being indicated by the dashed curve. This decoupling would take place at a scale ' 10 13 fm but it is not currently clear whether spherically isolated quark drops would have been present at that scale. Figure 1 shows the time evolution of the most important h ydrodynamical variables: the radial component of the uid four-velocity u, the energy density of the standard uids e, the compression factor and the energy density of the radiation uid w 0 . Although similar curves have already been presented and discussed in [11] , we consider it useful to show them here as they provide the hydrodynamical background for our discussion of baryon numbersegregation.
The main features of the hydrodynamical solution can besummarized as follows: i) the presence of a self similar solution until the radiation decoupling starts at R s = R d ; ii) the recovering of an \almost" self similar solution for the energy density e and the uid velocity u after decoupling; iii) the signicant increase of the compression factor in both phases caused by the extraction of entropy by the radiation uid; iv) the smoothing out of the step in the prole of the radiation energy density when decoupling occurs.
In Figure 2 we show the time evolution of the baryon numberdensity which, for convenience, we can divide into three main stages. In the rst of these, baryon number density deviates from the imposed initial conditions and settles into a solution which is consistent with the motion of the interface. As mentioned above, the initial conditions adopted assume chemical equilibrium to hold across the phase interface. However, when the interface is in motion (as it is for our initial conditions), equilibrium cannot hold and the baryon number density in the hadron phase has to adjust itself in order to reach a self consistent solution. By the time the drop radius has decreased from 10 7 fm to approximately 2:5 10 6 fm, the new solution has reached its steady state conguration.
The next stage of the evolution is characterized by a \snowplow" behaviour of the phase interface which accumulates baryon numb e r a s i t m o v es into the quark medium. This piling-up of baryon numberon the quark side is counteracted by the eects of diusion which tends to smear out the build-up, producing a rapidly decaying prole (a similar behaviour was also suggested by Kurki-Suonio [4] ). During this stage, which corresponds to a self similar solution for the hydrodynamical variables presented in Fig. 1 , the counteracting mechanisms of baryon numberux suppression and of baryon diusion, suitably regulate the rate of baryon number passage across the phase interface until a stationary solution is reached for the baryon numberdensity. Note that the length scale r d is too small to beresolved on the grid at this stage and this explains why, in Fig. 2 , the decaying prole appears to have a constant logarithmic width (connected with the grid structure).
The self similar solution for the hydrodynamical variables can bemaintained only as long as the quark drop evaporation is eectively scale free and no other process is intervening. Equivalently, the stationary solution for baryon numbercan be maintained only as long as the underlying hydrodynamical behaviour remains self similar and the tail of the diusing prole does not interact with the centre of the drop (the time when this happens is dependent on the magnitude of D). In the present situation there are two possible length scales that when reached by the drop radius would produce a deviation away from the hydrodynamic similarity solution. These are the mean free path of the radiation uid particles (at which scale the radiative transfer is most eective) and the length scale set by the surface tension (which is much smaller).
For our ducial parameter values, the radiative transfer occurs before the drop can know about its centre via diusion and, as a consequence, the following stage of the evolution in Fig. 2 starts at R s = 10 4 fm. When we compare the eects of the entropy extraction via radiative transfer on the compression factor (lower-right window in Fig. 1 ) and on the baryon number density, we can nd analogies and dierences. The rst common feature is the increase of (and of n b ) also in the low temperature phase for R s < 10 4 fm. However, while the radius at which the compression increase in the hadron phase begins does not change in time, this is not the case for the radius at which the increase in baryon numberdensity begins. The latter slowly shifts towards larger values under the action of baryon diusion. Figure 3 shows a three-dimensional representation of the prole of baryon number density at the end of the computation when the quark drop has radius R s = 2 fm. 3 Another dierence between the evolution of the compression factor and that of the baryon number density is the larger increase in the latter (about 9 orders of magnitude) produced after radiation decoupling. This is due to the fact that baryon number density can be increased not only by the entropy extraction via radiative transfer but also by ux suppression at the interface and the latter is a much more eective mechanism. Note that the prole of baryon number density shown in Fig. 3 corresponds to material which has non-uniform specic entropy (as a result of radiative transfer [11] ), but which is very nearly in thermal and mechanical equilibrium in each phase [9, 10] .
When looking at the proles in Figures 2 and 3 it is not possible to distinguish the dierent contributions coming from the radiative transfer and from the ux suppression. However, using the mean free path of the radiation particles as a free parameter, it is possible to regulate the action of the radiative transfer. Taking = 0 corresponds to a situation in which the decoupling never takes place at all. Figure 4 shows the nal prole of the baryon numberdensity when the quark drop has radius R s = 2 fm as calculated for progressively smaller values of the mean free path, which is equal to = 1 0 4 fm for the heavy continuous curve, = 1 0 2 fm for the dashed curve and to zero for the dotted one.
The eects of radiative transfer can beclearly seen by comparing the dotted curve with the heavy continuous curve and amount to a relative increase in the baryon number density of around one order of magnitude in the inner part of the prole. Note that the use of a logarithmic scale can be misleading and seem to suggest that total baryon numberin the dierent plots is not the same. However, when comparing proles for dierent v alues of , one should pay particular attention to dierences in the outer regions which are not very noticeable but which make a considerable contribution. In order to emphasize these dierences, a magnication of the nal proles is shown in the small diagram at the top right of Figure 4 . Figure 5 shows results from calculations performed with dierent v alues of the lter factor, showing the nal proles of baryon numberdensity when the drop has radius 2 fm. Dierent curves refer to values of the lter factor F ranging from 0:2 to 1, with the heavy continuous curve corresponding to the preferred value F = 0 : 3.
The behaviour of the solution under variation of the lter factor F is straightforward to understand: a more \transparent" phase interface (i.e. with a higher value of F) leads to less accumulation of baryon numberinside the drop and produces a smaller nal increase in the baryon number density. However, because of the nonlinearity of the process, a less transparent interface actually gives a larger net baryon number ux as a consequence of the increased baryon number density i n the quark phase [see equation (35) ]. This explains why the baryon numberdensity is larger also outside the quark drop. Note that also in this gure, the logarithmic scaling could be confusing and suggest that the total baryon numberis not the same for the dierent curves. However, once again, as shown in the small magnied diagram, the large dierences which appear for R s < 10 4 fm are compensated by changes further out which are less easy to see. A n umber of comments should be made about the nal baryon number density reached inside the quark phase for dierent values of the lter factor. As shown by the curve corresponding to F = 0 : 2, the baryon numberdensity in the quark phase could well reach values above that for nuclear matter and this could suggest that a transition to strange quark nuggets might possibly occur at some stage during the quark drop evaporation. This is a very speculative idea and we limit ourselves to pointing out that, as far as baryon numbersegregation is concerned, conditions for the creation of quark nuggets are not dicult to reach if a strong suppression of baryon number ux takes place at the interface. Another important point to notice is that with the present c hoice of parameter values, only a very small fraction of the initial total baryon numberwill remain in the high density regions after drops have evaporated away. A nal comment should be made about the properties of the nal baryon number density prole obtained for F = 1, which corresponds to a situation in which baryon number carriers are freely streaming across the interface and is the result of radiation decoupling only. Although this case may well not refer to a realistic scenario, it is instructive as it shows the role of the baryon ux suppression in the production of baryon number density peaks. It is interesting to compare this with the = 0 curve of Fig. 4 which corresponds to radiative transfer not being operative.
We conclude our analysis of the numerical results by presenting the nal baryon numberdensity proles obtained after varying the diusion coecient while maintaining the other parameters with their standard values. Figure 6 shows curves calculated for values of D ranging between zero (dotted curve) and 10 and with the heavy continuous curve corresponding to the preferred value D = 1 .
The curves demonstrate the action of diusion which prevents the accumulation of baryon number in a narrow shell ahead of the phase interface (as seen for D = 0) and spreads out the accumulation of baryon number produced in the hadron phase near to the drop surface. Larger values of the diusion coecient give rise to larger nal values of the baryon numberdensity in the quark phase, but the results show that the high number density regions are unlikely to contain a large fraction of the total baryon numberif only microscopic random diusion is taken into account (which leads to relatively small values for D). Stronger diusion is more ecient in preventing accumulation of baryon number adjacent to the quark side of the interface and this, in turn, tends to reduce the outward ux of baryon numberinto the hadron phase. The eective role played by diusion is then that of trapping baryon numberwithin the high density region and so it is no surprise that higher nal values of n b should result for larger values of D. It is worth underlining that the values adopted for our simulations refer to a microscopic modeling of diusive processes in which turbulent motion is neglected. It is possible that non radial uid motions could produce a larger eective diusion coecient, but not enough is yet known about this.
VI. Conclusions
We h a v e presented here results from numerical computations of the nal stages of a rst order cosmological quark{hadron phase transition, aiming to estimate the baryon numberdensity prole produced. For doing this, we have used mathematical and numerical techniques previously developed for following the evaporation of spherical quark drops together with a separate treatment of a distinct uid of baryon number carriers. The eects of baryon number ux suppression at the phase interface and of baryon numberdiusion have been included within the overall relativistic hydrodynamical treatment. The results obtained have shown that baryon number segregation is an inevitable result of a rst order transition and illustrate the dierent roles played in baryon numbersegregation by ux suppression and by radiative transfer. Final baryon number density proles have been computed which exhibit relative increases of several orders of magnitude in both phases, with an overdense spherical region of radius R 10 4 fm being left behind in thermal equilibrium in the hadron phase. This region, which probably represents the most important relic of the transition, will besubject to further subsequent diusion.
As pointed out by Ignatius et al. [18] , a number of conditions would need to be met if baryon numbersegregation is to have any signicant eect on nucleosynthesis. One of these conditions (that the nal baryon numberdensity contrast should be larger than 10) is certainly satised by the results from our present study.
However, our results also indicate that the condition for the high density regions to contain most of the total baryon numberis extremely dicult to satisfy unless turbulent diusion might be operative. A third necessary condition requires that the mean separation scale l n between two baryon number density peaks of the type computed here should be rather large. It would be necessary to have l n > 1 m 10 4 t H , where t H is the horizon scale at the time of the transition. As mentioned in the Introduction, this is a fundamental quantity for the whole description of the phase transition, without which any conclusion about the role played by baryon number inhomogeneities on the subsequent n ucleosynthesis remains extremely unclear. Considerable eorts have been devoted to determining it (see Christiansen and Madsen [24] for a recent discussion) but the value of this scale is still uncertain and further developments need to be awaited.
The hydrodynamical scenario for baryon number segregation discussed here, could represent a promising starting point for studying the possible production of seed magnetic elds during the quark{hadron phase transition. Cheng and Olinto [25] pointed out that because of the dierent fractional electric charge carried by u p and down quarks, charge separation could be produced together with the concentration of baryon number in the high temperature phase. In their paper, they focussed attention on the slow growth stage of the phase transition during which chemical equilibrium holds and the baryon number contrast can be estimated analytically. However, this same mechanism might be at work also during the nal stages of the transition, for which the present calculations provide more precise quantitative estimates of the dynamical motions of charges and of their density.
Because of the much more extreme baryon number concentrations arising in the present context, the magnetic eld could beseveral orders of magnitude larger than that discussed in [25] and might possibly reach the equipartition value. This requires further investigation and will bea focus of future work.
Appendix
In this Appendix, we briey sketch some intermediate steps leading to equation (29), the relativistic diusion equation for baryon number. Using the standard property of four-divergences mentioned in the text, equation (28) can be written as 
